The phenotype of articular chondrocytes is dependent on the cytoskeleton, specifically the actin microfilament architecture. Articular chondrocytes in monolayer culture undergo dedifferentiation and assume a fibroblastic phenotype. This process can be reversed by altering the actin cytoskeleton by treatment with cytochalasin. Whereas dedifferentiation has been studied on chondrocytes isolated from the whole cartilage, the effects of cytoskeletal alteration on specific zones of cells such as superficial zone chondrocytes are not known. Chondrocytes from the superficial zone secrete superficial zone protein (SZP), a lubricating proteoglycan that reduces the coefficient of friction of articular cartilage. A better understanding of this phenomenon may be useful in elucidating chondrocyte dedifferentiation in monolayer and accumulation of the cartilage lubricant SZP, with an eye toward tissue engineering functional articular cartilage. In this investigation, the effects of cytoskeletal modulation on the ability of superficial zone chondrocytes to secrete SZP were examined. Primary superficial zone chondrocytes were cultured in monolayer and treated with a combination of cytoskeleton modifying reagents and transforming growth factor b (TGFb) 1, a critical regulator of SZP production. Whereas cytochalasin D maintains the articular chondrocyte phenotype, the hallmark of the superficial zone chondrocyte, SZP, was inhibited in the presence of TGFb1. A decrease in TGFb1-induced SZP accumulation was also observed when the microtubule cytoskeleton was modified using paclitaxel. These effects of actin and microtubule alteration were confirmed through the application of jasplakinolide and colchicine, respectively. As Rho GTPases regulate actin organization and microtubule polymerization, we hypothesized that the cytoskeleton is critical for TGFbinduced SZP accumulation. TGFb-mediated SZP accumulation was inhibited by small molecule inhibitors ML141 (Cdc42), NSC23766 (Rac1), and Y27632 (Rho effector Rho Kinase). On the other hand, lysophosphatidic acid, an upstream activator of Rho, increased SZP synthesis in response to TGFb1. These results suggest that SZP production is dependent on the functional cytoskeleton, and Rho GTPases contribute to SZP accumulation by modulating the actions of TGFb.
Introduction
T he articular chondrocyte phenotype is dependent on cell shape. When cultured on tissue culture plastic in monolayer conditions, articular chondrocytes flatten and assume a fibroblastic morphology. This change in cell shape is called dedifferentiation, with attendant decreases in the synthesis of collagen II and proteoglycans, hallmarks of the articular chondrocyte phenotype. 1, 2 When chondrocytes are reverted to a three-dimensional (3D) configuration in agarose, the characteristic collagen II and proteoglycan phenotype is restored. 2 In an important experiment, Brown and Benya demonstrated the restoration of the chondrocyte phenotype, or redifferentiation of dedifferentiated chondrocytes, by treatment with cytochalasin D and dependent modulation of the actin microfilament cytoskeleton. 3 Thus, cell shape and the morphology of the actin cytoskeleton are critical regulators of the chondrocyte phenotype, 4 and therefore in chondrogenesis.
modes of lubrication that reduces friction forces and wear, permitting decades of joint movement and mobility. 7 In cases of osteoarthritis and other cartilage pathologies, there exists an acute need for replacement tissue that repairs and restores joint functionality. Tissue engineering of articular cartilage has proven to be a very difficult problem due to the remarkable and imposing nature of the native tissue's bulk and surface mechanical properties. One impediment in articular cartilage tissue engineering is a plentiful cell source. Growing substantial numbers of chondrocytes through methods such as monolayer culture is challenging due to dedifferentiation. 8 If a bountiful supply of articular chondrocytes is identified, methods such as the self-assembly process may be able to exploit this resource to produce an engineered tissue capable of replicating the mechanical behavior of native articular cartilage. 9 One can address this bottleneck to tissue engineering by exploring the role of the cytoskeleton to optimize the articular cartilage phenotype.
Articular cartilage is an anisotropic structure with a zonal design and consists of surface or superficial, middle, and deep zones. The superficial zone protein (SZP) is a mucinous proteoglycan found and produced in the surface zone of articular cartilage and reduces the coefficient of friction and wear in articular cartilage through a sacrificial, boundary lubrication mechanism. [10] [11] [12] [13] SZP and alternatively spliced isoforms such as lubricin and PRG4, are all products of the prg4 gene. 14 The importance of functional SZP/lubricin is evident in patients with camptodactyly-arthropathy-coxa vara-pericarditis syndrome. They possess a mutation in the prg4 gene that encodes for SZP and suffer from precocious joint failure and synovial hyperplasia. 15 Growth factors and morphogens such as bone morphogenetic proteins and transforming growth factor b (TGFb) have been shown to be powerful anabolic agents of SZP synthesis. 16, 17 Whereas the effects of actin microfilament modulation have been examined in articular chondrocytes, these cells have been usually derived from a mixed population containing all three zones: superficial, middle, and deep. However, each zone of articular cartilage possesses a unique phenotype, such as differences in the cell shape and proteoglycan synthesis as well as SZP synthesis. [18] [19] [20] Thus, work remains in elucidating the effects of zonal phenotype on the cytoskeletal regulation of articular chondrocytes.
The cytoskeleton is a pleiotropic system that interacts with many different aspects of cellular function. For instance, the Rho family of GTPases modulates actin polymerization to control the shape and movement of the cell. The most common and well studied members include Rho, Rac, and Cdc42. 21 Like all small GTPases, their activity is controlled by their nucleotide binding partner. Rho GTPases assume an active conformation when bound to GTP, and are inactive when partnered with GDP. Regulatory molecules such as GTPase-Activating Proteins (GAPs) promote GTP hydrolysis to GDP to inactivate these proteins. The switch can be flipped and Rho family GTPases activated by guanine nucleotide exchange factors (GEFs), which catalyze a GDP to GTP conversion. 22 Rho family GTPases are able to regulate many different processes by partnering with effector molecules such as Rho kinase (ROCK). 23 Through ROCK, RhoA is able to enhance actin-myosin contractility through myosin light chain (MLC) phosphorylation and inhibition of MLC phosphatase. 24 In addition, the Rho family of GTPases has also been demonstrated to mediate other processes such as mechanotransduction, transcription factor activation, and stem cell fate. [25] [26] [27] [28] The principal objective of this study was to determine the role of the cytoskeleton in SZP synthesis in superficial zone chondrocytes. The secondary goal was to identify a potential mechanism by which cytoskeletal alteration could affect SZP production. Therefore, it was hypothesized that the cytoskeleton will modulate SZP synthesis through Rho family GTPases. The hypothesis was evaluated by assessing the effects of cytoskeletal and Rho family GTPase modulators on basal and TGFb1-stimulated SZP synthesis in a monolayer culture system. Given that superficial zone chondrocytes could prove a useful source of SZP for the boundary lubrication of engineered cartilage, 29 the global aim of this experiment was to elucidate new mechanisms of SZP regulation to assist in the development of the tissue engineering of articular cartilage.
Materials and Methods

Isolation of superficial zone articular chondrocytes
Bovine stifle joints from 3-month-old calves were obtained from an abattoir and dissected under aseptic conditions to expose the femoral condyles. 16 Superficial zone articular cartilage (*100 mm thick) was harvested from load-bearing regions of the lateral and medial condyles (L1-L3, M1-M2) of bovine stifle joints as previously described using a dermatome. 30 The cartilage was enzymatically digested for 2.5 h in 0.2% collagenase P (Roche, Indianapolis, IN) in a culture medium (DMEM/F-12, 50 mg/mL ascorbate 2-phosphate, 0.1% bovine serum albumin [BSA] , and 1% penicillin/ streptomycin) supplemented with 3% heat-inactivated fetal bovine serum (FBS) (Gibco, Grand Island, NY). Isolated superficial zone articular chondrocytes were washed, plated at a density of 100,000 cells/well (*25,000 cells/cm 2 ) in 12-well dishes (Corning, Corning, NY), and seeded overnight in culture medium containing 10% FBS.
Monolayer culture of primary articular chondrocytes
After overnight attachment, chondrocytes were cultured in serum-free, defined conditions consisting of culture media supplemented with 1% ITS + Premix (BD Biosciences, Bedford, MA) and 0.5% Fungizone in a humidified, 5% CO 2 incubator at 37°C. 16 All reagents were obtained from Life Technologies (Grand Island, NY) or Sigma-Aldrich (St. Louis, MO), unless otherwise noted. After the media exchange, chondrocytes were pretreated with an inhibitor for 1 h, before the addition of 3 ng/mL TGFb1 (R&D Systems, Minneapolis, MN). All control cell cultures received an equal volume of the equivalent carrier solution at the time of treatment. Chondrocytes were cultured for 96 h before the media were collected and stored at -80°C for later analysis of SZP accumulation.
Cytoskeleton and Rho GTPase inhibiting drugs
Cytochalasin D, jasplakinolide, and paclitaxel were solubilized in dimethyl sulfoxide (DMSO) at stock concentrations of 10, 1, and 10 mM, respectively. Colchicine was prepared as a stock solution in sterile water at a 10 mM concentration. NSC23766 and Y27632 (Tocris, Minneapolis, MN) were
solubilized in a 25 mM HEPES solution at 50 and 10 mM, respectively. Lysophosphatidic acid (LPA) (Enzo Life Sciences, Farmingdale, NY) was prepared as a 10 mM solution in phosphate-buffered saline (PBS). ML141 (Tocris) was solubilized in DMSO at a concentration of 50 mM. Recombinant, human TGFb1 was reconstituted in a filter sterilized solution of 0.1% BSA in 5 mM hydrochloric acid at 10 mg/mL. Stock concentrations of all reagents were prepared and stored at -20°C, until they were diluted in culture media to their final concentrations. Actin microfilaments were modified through cytochalasin D (1, 6, and 10 mM) and jasplakinolide (15 and 50 nM). [31] [32] [33] Microtubules were inhibited through the use of colchicine and paclitaxel (1 and 10 mM).
34,35 NSC23766 (50 and 150 mM), ML141 (5 and 20 mM), Y27632 (10 and 50 mM), and LPA (5 and 20 mM) were employed to modify the activity of Rho family GTPases. 27, 36, 37 The inhibitors and dosages employed have been demonstrated in the literature to have virtually no cytotoxic effects. 32, 34, 35, 38, 39 During the course of this investigation, no adverse changes in cellular morphology or appearance were observed.
Enzyme-linked immunosorbent assay for SZP
SZP media accumulation was quantified by a sandwich enzyme-linked immunosorbent assay (ELISA) using antibody S6.79. 40 The capture reagent, peanut lectin (EY Laboratories, San Mateo, CA), was prepared as a 1 mg/mL solution in a 50 mM sodium carbonate buffer (pH 9.5), and used to coat black 96-well plates (50 mL/well) overnight at 4°C. The next day, plates were blocked with 100 mL/well of 1% BSA in identical buffer at room temperature for 2 h. After this and each subsequent step, plates were washed with PBS containing 0.05% Tween 20 (PBS-T). SZP standards and samples were serially diluted in PBS and incubated for 1 h at room temperature. 30 Plates were then incubated overnight at 4°C with the primary SZP monoclonal antibody, S6.79 (2.3 mg/mL), which was diluted 1:5000 in PBS-T. Finally, the secondary, detection antibody, goat anti-mouse IgG-horseradish peroxidase (HRP) conjugate (Bio-Rad, Hercules, CA), was added to each plate at a 1:3000 dilution in PBS-T and incubated for 1 h at room temperature. After washes with PBS-T and PBS, the SuperSignal ELISA Femto substrate (Thermo Scientific, Rockford, IL) was added to each well and the chemiluminescent signal was recorded using a chemiluminescent imaging system (Alpha Innotech, Santa Clara, CA). Sample SZP levels were quantified using a serially diluted, bovine SZP standard. SZP from the synovial fluid and TGFb-treated articular cartilage explant conditioned media were pooled, dialyzed, and purified through affinity chromatography using peanut lectin-linked agarose beads (EY Laboratories). The SZP standard concentration was determined using a bicinchoninic acid (BCA) assay (Thermo Scientific) based on a BSA protein standard. 41 
Immunoblot analysis of SZP
To confirm the ELISA data, SZP media accumulation was measured by immunoblot. Equal volumes of media samples were denatured and electrophoretically separated under reducing conditions in 4-12% Bis-Tris polyacrylamide gels using MOPS buffer (Life Technologies). Proteins were then transferred to polyvinylidene fluoride (PVDF) membranes using a semidry transfer cell (Bio-Rad). After the membrane was blocked with 5% nonfat dry milk in Tris-buffered saline with Tween 20, it was incubated overnight in the primary SZP antibody S6.79 (1:5000 in blocking buffer). Following a washing step, the membrane was incubated in a 1:3000 solution of the secondary antibody, goat anti-mouse IgG HRP. The SuperSignal West Pico chemiluminescent substrate (Thermo Scientific) was added after a subsequent wash and the immunoblot was imaged using film. 16 
Statistical analysis
Each treatment group consisted of n = 12 samples, produced from two separate experiments that comprised groups of genetically different animals. Results were evaluated in a statistical software package ( JMP; SAS, Cary, NC) using a one-way analysis of variance (ANOVA) with a Tukey's post hoc test. Statistical significance was established at p-values less than 0.05. Results are presented as mean -standard deviation. In a figure, treatment groups not connected by the same letter were found to be significantly different.
Results
Actin microfilament modulation
Cytochalasin D induced superficial zone articular chondrocytes to assume a round cell shape in control and TGFb1-treated samples at all treatment levels (Fig. 1C, D) . Untreated, control chondrocytes flattened and acquired a spread, fibroblastic morphology (Fig. 1A, B) . TGFb1-induced SZP media accumulation was significantly reduced in the presence of cytochalasin D (Fig. 2A) . Whereas there was a trend toward cytochalasin treatment decreasing basal SZP media accumulation (i.e., cells that received TGFb1 vehicle controls), the differences were not statistically significant. In the absence of cytochalasin, TGFb1 (3 ng/mL) upregulated SZP accumulation fivefold greater than control. At the lowest cytochalasin D dosage, 1 mM, TGFb1 was still able to induce a fivefold increase in SZP synthesis. However, at the 6-and 10-mM cytochalasin D dosages, TGFb1-induced SZP levels in the media were not significantly different than control values.
Similar results were observed when superficial zone chondrocytes were treated with jasplakinolide. Jasplakinolide induced complete cell rounding at the high dosage (50 nM), while only a majority of cells rounded at the low concentration (15 nM) (Fig. 1E-H) . The low and high concentrations of jasplakinolide (15 and 50 nM) elicited a statistically significant, dose-dependent decrease in SZP accumulation in TGFb1-treated cultures (Fig. 2B) . Fifty nanomolar jasplakinolide reduced TGFb1-stimulated SZP accumulation to control levels. Basal SZP synthesis was moderated by jasplakinolide, but this effect was only significant at the 50 nM dosage.
Microtubule modulation
Inhibitors of microtubule dynamics, paclitaxel and colchicine, did not induce any gross changes in cell morphology (data not shown). Nevertheless, SZP media accumulation was affected. Paclitaxel inhibited TGFb1-stimulated SZP in a dose-dependent manner (Fig. 3B) . Basal SZP accumulation in the presence of paclitaxel trended downward, but was not significantly different. Whereas TGFb1 was able to induce a TGFb-INDUCED SZP ACCUMULATION IS DEPENDENT ON THE CYTOSKELETONsignificant increase in SZP synthesis at the 1 mM concentration, 10 mM paclitaxel reduced TGFb1-stimulated SZP production to control levels. Colchicine had no discernible effect on basal SZP media concentrations, but it did significantly reduce SZP accumulation in the presence of TGFb at both the low and high dosages (Fig. 3A) .
Rho family GTPase modulation
To determine whether Rho family GTPases may be playing a role in the cytoskeletal modulation of SZP synthesis, superficial zone chondrocytes were treated with reagents that inhibit or increase the activity of these small GTPases. Rac1 activity was inhibited by NSC23766, a small molecular compound that inhibits Rac1 activation by GEFs. 42 NSC23766, reduced TGFb1-stimulated SZP accumulation in a dose-dependent manner (Fig. 4B ). Interestingly, TGFb was able to significantly upregulate SZP synthesis > 3.9-fold in the presence of NSC23766 at both low and high (50 and 150 mM) concentrations. ML141, a reversible and noncompetitive inhibitor of Cdc42, 43 also decreased SZP accumulation stimulated by TGFb in a dose-dependent manner (Fig.   FIG. 1 . The effects of actin microfilament modulation on the cellular morphology of superficial zone articular chondrocytes. Primary, bovine, superficial zone articular chondrocytes were cultured for 4 days in serum-free, defined component media supplemented without (Basal) and with 3 ng/mL transforming growth factor b (TGFb)1. By day 4 of culture, the majority of chondrocytes not treated with a cytoskeletal inhibitor (A, B) had attained a fibroblastic morphology. Compared with basal control cells (A), TGFb1 treatment promoted increased cell spreading (B). When treated with 1 mM cytochalasin D, an actin polymerization inhibitor, chondrocytes remained rounded in the presence and absence of TGFb1 (C, D). Cells treated with 6 and 10 mM cytochalasin D also retained a similar morphology (data not shown). Fifteen nanomolar jasplakinolide, an actin depolymerization inhibitor, elicited a rounded morphology in a large fraction of the cell population (E, F). However, a portion of the chondrocytes were unaffected by the drug and flattened to assume a fibroblastic shape (E), and cell spreading among these cells was enhanced by TGFb1 (F). At the 50 nM jasplakinolide dosage, all the cells attained a rounded shape in cultures containing and lacking TGFb1 (G, H).
FIG. 2.
The effects of actin microfilament inhibition on basal and TGFb1-stimulated superficial zone protein (SZP) media accumulation. Primary, superficial zone articular chondrocytes were treated with (A) 1, 6, and 10 mM cytochalasin D and (B) 15 and 50 nM jasplakinolide, in the presence and absence of 3 ng/mL TGFb1. SZP media accumulation was quantified by enzyme-linked immunosorbent assay (ELISA) and immunoblot. A representative immunoblot of SZP accumulated in the media of cell cultures receiving jasplakinolide treatment is inset of (B). The bands of the immunoblot correspond to the treatment labels of the bar graph below. Values are presented as mean -standard deviation (SD) for n = 12 samples from two separate experiments.
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4A). Whereas TGFb treatment significantly increased SZP synthesis in the 5 mM ML141 group, 20 mM ML141 reduced TGFb-induced SZP synthesis to near basal control levels. At the high dose, basal SZP accumulation was significantly reduced compared with basal control. One of the effector proteins of Rho is ROCK. Instead of directly targeting Rho, the pyridine derivative Y27632 was employed to competitively inhibit this immediate, downstream effector. 44 TGFb-induced SZP synthesis was reduced by Y27632 in a dose-dependent manner, while basal SZP accumulation was not significantly affected by the drug (Fig. 5A) . The ability of TGFb to significantly increase SZP production ( > 3.9-fold) was also retained in Y27632-treated chondrocytes. Conversely, Rho activity was increased by LPA. 45 LPA increased TGFbstimulated SZP media accumulation in a dose-dependent manner (Fig. 5B) . Basal SZP production in the presence of LPA trended upward, but the effect was not significant.
Immunoblots were performed to corroborate the SZP media accumulation values quantified by ELISA. The media samples from the Rho-family GTPase treatments were subjected to additional freeze-thaw cycles during the course of analysis, compared with the media collected from the cytoskeletal inhibitor experiments. The additional freeze-thaw cycles altered the electrophoretic migration of a portion of the sample and created the pair of bands observed. The combined intensity of the band pairs corresponds with the respective ELISA values. 
TGFb-INDUCED SZP ACCUMULATION IS DEPENDENT ON THE CYTOSKELETONDiscussion
This study sought to determine the role of the cytoskeleton in the production of SZP in superficial zone chondrocytes. Cell shape and the actin cytoskeleton are key determinants of the articular chondrocyte phenotype as demonstrated by Benya and others. 2, 3 In response to the pharmacological modulation of actin and microtubule polymerization, there was a significant decrease in the TGFb-stimulated synthesis of SZP. Rho family GTPases were hypothesized to serve as a possible mediator between the cytoskeleton and the SZP signaling pathway, as measured by SZP media accumulation. When Rho GTPase activity was similarly inhibited using small molecular drugs, TGFb-induced SZP media accumulation was inhibited in a dose-dependent manner. LPA, an upstream activator of RhoA activity, synergistically enhanced TGFb-mediated SZP synthesis. These results suggest that modulation of Rho family GTPases may serve as a method of tuning SZP synthesis in articular chondrocytes, and offer a means of improving boundary lubrication in tissue engineered cartilage.
Cytoskeletal modification has long been identified as a method of chondrogenesis. 46, 47 This strategy is also being applied in cartilage tissue engineering, as a means of cellular expansion and as an exogenous stimulus of engineered constructs. 48, 49 Since engineered articular cartilage must possess lubrication in addition to bulk mechanical properties, it was an open question of how actin microfilament modification would affect the production of the boundary lubricant SZP from superficial zone chondrocytes. The data show that inhibition of actin dynamics by cytochalasin D and jasplakinolide significantly decreased TGFb1-mediated SZP synthesis in superficial zone articular chondrocytes ( Fig. 2A,  B) . These results are in alignment with a report by Klein et al. 50 They demonstrated that in 3D alginate culture, the percentage of SZP producing superficial zone chondrocytes decreased by 80%. Induction of cell rounding through either actin microfilament modulation or 3D culture is not conducive toward SZP synthesis. In contrast, SZP secretion has been shown to increase over time in monolayer culture. Schmidt et al. 51 reported that in monolayer cultures seeded at either 50,000 or 200,000 cells/cm 2 , SZP media accumulation increased over time with no significant differences between either seeding density at the end of the culture period. Whereas a rounded cell shape is conducive to a predominantly middle/deep zone phenotype (as defined by collagen II and proteoglycan synthesis), the native, flattened shape of surface zone chondrocytes 52 supports the superficial zone phenotype (e.g., SZP secretion). The actin cytoskeleton and cell shape may not only be a determinant of the articular chondrocyte phenotype, but zone-specific traits as well.
An examination of the effects of cytoskeletal alteration on SZP synthesis would be incomplete without including microtubules (intermediate filaments were not studied due to the lack of specific inhibitors for modulating polymerization/depolymerization). Although microtubule dynamics do not play a role in the regulation of the chondrocyte phenotype, 53 microtubules do play a key role in the elongation of fibroblasts and may affect SZP. 54 Similar to actin, inhibition of microtubules by paclitaxel and colchicine reduced SZP media accumulation in the presence of TGFb (Fig. 3A, B) . Basal SZP secretion appeared unaffected by colchicine and was not significantly decreased by paclitaxel treatment. To reduce the possibility of these results arising from nonspecific effects of the reagents used, each cytoskeletal component was treated with two separate compounds that differed in their mechanism of action. One half of the pair of cytoskeletal modulators inhibited polymerization (cytochalasin and colchicine), while the other half affected depolymerization (jasplakinolide and paclitaxel). 55, 56 Cytoskeletal modulation could potentially reduce SZP media accumulation by disrupting cellular secretory 
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mechanisms. However, Lohmander et al. 34 demonstrated that cytochalasin B-induced decreases in GAG were primarily due to a reduction in synthesis, as secretion was not significantly affected. Whereas colchicine was shown to decrease both the synthesis and secretion of GAG, intracellular retention was increased by only 17%. And in the presence of colchicine, b-d-xyloside continued to elicit a greater than 100% increase in GAG synthesis and secretion compared with untreated controls. Lohmander et al. concluded that microtubules serve a ''facilitatory rather than obligatory role'' in the intracellular transport and secretion of GAG, and by extension proteoglycans. 34, 57 Based on these studies, modulation of the actin microfilaments and microtubules is likely to affect SZP accumulation largely through modulation of synthesis.
The cellular cytoskeleton is a pleiotropic structure as evidenced by the chondrocytes' dependence on actin architecture. To determine if there could be intermediaries linking cytoskeletal dynamics and SZP signaling, it was hypothesized that the Rho family of GTPases could modulate expression of TGFb-induced SZP. The Rho family of GTPases consists of molecular switches that control actin microfilament assembly. 21 The regulatory reach of Rho family GTPases also extends to microtubule assembly through effectors such as mDia and stathmin. 58 In the presence of reagents that inhibit the activity of Rho family GTPases, basal SZP media accumulation decreased, but not to a significant degree with the exception of 20 mM ML141. TGFb-stimulated SZP accumulation was reduced in a dose-dependent manner by the group of Rho family inhibitors (Figs. 3 and 4) . However, TGFb was still able to upregulate SZP compared with basal expression at every respective inhibitor dosage, and also relative to the untreated control. The only exceptions were the 20 mM ML141 and 150 mM NSC23766 groups, where the trend of greater TGFb-induced SZP production relative to the basal control did not reach significance. These results suggest that Rho family GTPases may serve as a mediator in the signaling pathway linking SZP synthesis and cytoskeletal organization.
Interestingly, SZP accumulation was synergistically enhanced by a combination of TGFb1 and LPA in a dose-dependent manner. These results suggest that it may be possible to enhance the boundary lubrication of tissue engineered constructs containing superficial zone chondrocytes by applying this phospholipid and morphogen combination. However, more work is needed to elucidate the mechanism of these effects due to the pleiotropic effects of LPA, such as stimulating cellular proliferation, migration, and survival. [59] [60] [61] Lastly, morphogens such as TGFb superfamily member BMP7 have been shown to interact with the cytoskeleton by increasing the expression of cytoskeletal proteins in articular chondrocytes in a context-dependent manner. 31 Specifically, BMP7 upregulated cytoskeletal proteins talin and paxillin in monolayer, but not suspension cultures. It is thus important to determine whether the synergistic effects of LPA and TGFb are similarly context dependent, and examine their effects in 3D and explant cultures.
Additional experiments in the future will need to be conducted to validate these results. The regulation of Rho family GTPases should be confirmed by studies employing siRNA knockdowns as well as dominant negative and dominant positive mutants of each GTPase. However, the stated aims of this investigation were satisfied as we sought to open a line of inquiry important for the advancement of articular cartilage tissue engineering. These data support the hypothesis that Rho family GTPases can serve as a possible mediator between the cytoskeleton and SZP signaling. Whereas cytoskeletal inhibition and cell rounding preserve a fundamentally middle/deep zone phenotype in terms of the expression of collagen II and proteoglycans, it inhibits the superficial zone phenotype as measured by SZP. Rho family GTPases modulate the activity of TGFb in stimulating SZP, and thus, may perhaps be used to increase the production of SZP and enhance the boundary lubrication of engineered cartilage. In devising strategies and approaches, tissue engineers of articular cartilage need to consider the role cell shape and cytoskeletal dynamics play in the regulation of the articular chondrocyte phenotype, expression of SZP, and articular cartilage lubrication as a whole.
